Holoprosencephaly is the most common forebrain defect in humans. We describe two novel mouse mutants that display a holoprosencephaly-like phenotype. Both mutations disrupt genes in the glycerophosphatidyl inositol (GPI) biosynthesis pathway: gonzo disrupts Pign and beaker disrupts Pgap1. GPI anchors normally target and anchor a diverse group of proteins to lipid raft domains. Mechanistically we show that GPI anchored proteins are mislocalized in GPI biosynthesis mutants. Disruption of the GPI-anchored protein Cripto (mouse) and TDGF1 (human ortholog) have been shown to result in holoprosencephaly, leading to our hypothesis that Cripto is the key GPI anchored protein whose altered function results in an HPE-like phenotype. Cripto is an obligate Nodal co-factor involved in TGFb signaling, and we show that TGFb signaling is reduced both in vitro and in vivo. This work demonstrates the importance of the GPI anchor in normal forebrain development and suggests that GPI biosynthesis genes should be screened for association with human holoprosencephaly.
Introduction
Holoprosencephaly (HPE) is estimated to occur in 1 in 250 pregnancies but due to prenatal lethality, only 1 in 16,000 babies are born with HPE (Muenke and Beachy, 2000) . HPE occurs when the forebrain fails to septate into the two frontal lobes. The spectrum of septal defects that result in HPE are classified as lobar (fully septated, mild), semi-lobar (incompletely septated, moderate), alobar (not septated, severe) and syntelencephaly (posterior frontal lobe and parietal lobe fail to septate). Infants born with HPE, generally representing the mildest spectra, may present with craniofacial defects, hydrocephaly, feeding issues and early mortality.
Environmental and genetic factors contribute to HPE. Environmental causes include maternal diabetes and exposure to alcohol, retinoic acid and cholesterol reducing agents. Large chromosomal defects, such as trisomy 13 account for the majority of HPE cases, but single gene disruptions are also linked to HPE. These single gene mutations segregate into the SHH pathway (SHH, PTCH, GLI2, ZIC2 and DHCR7) and TGFb pathway (TGIF, FAST1 and TDGF1), but only account for 15-20% of human HPE (Ming and Muenke, 2002) . SHH pathway mutations are directly associated with midline defects whereas TGFb pathway mutants are thought to act upstream of SHH, affecting SHH expression and/or activity in the prechordal plate (Rohr et al., 2001) . In mouse, additional TGFb pathway genes (Nodal, Gdf1, Smad2 and ActRIIA) have been linked to HPE (Nomura and Li, 1998; Song et al., 1999; Hoodless et al., 2001; Lowe et al., 2001 ; Rohr et al., 2001; Yamamoto et al., 2001; Andersson et al., 2006) and disruption of both copies of the TGFb genes often leads to forebrain truncations, rather than classic HPE, due to the requirement for TGFb signaling in early forebrain initiation steps.
Nodal, a TGFb ligand, and Cripto, Nodal's obligate co-factor (Gritsman et al., 1999) are both required for specification and localization of the distal visceral endoderm (DVE) and anterior visceral endoderm (AVE) (Varlet et al., 1997; Ding et al., 1998; Mesnard et al., 2006; D'Andrea et al., 2008; Liguori et al., 2008; Takaoka et al., 2011) . The AVE is a transient organizing center that initiates forebrain specification in the underlying neuroectoderm. Although DVE progenitors initially require Nodal signaling (Varlet et al., 1997; Mesnard et al., 2006) , proper migration of the DVE and AVE is only achieved by antagonism of Nodal and Wnt signaling (Yamamoto et al., 2004; Kimura-Yoshida et al., 2005) . Furthermore, the AVE and future forebrain organizing centers induce and then maintain forebrain specification by antagonizing TGFb and Wnt signaling (PereaGomez et al., 2002) .
Cripto (the HPE gene TDGF1 in humans) protein is posttranslationally modified with a GPI anchor (Minchiotti et al., 2000) . This sugar-lipid anchor targets Cripto to the plasma membrane where it binds Nodal to signal in a cell autonomous function (Yan et al., 2002 ). Cripto's GPI anchor may also be cleaved, releasing Cripto into the extracellular space where it may bind Nodal and signal non-cell autonomously (Yan et al., 2002; Chu et al., 2005; Watanabe et al., 2007) .
Here, we describe two novel recessive mutations in mouse, which result in HPE or an anterior truncation phenotype, similar to phenotypes associated with homozygous mutation of TGFb genes. These mutations disrupt two different enzymes within the GPI biosynthesis pathway. We hypothesize that Cripto is a key GPI-anchored protein, whose lack of a functional GPI anchor results in an HPE-like phenotype. We show that Nodal/Cripto signaling is downregulated both in vitro and in vivo in the GPI biosynthesis mutants.
Materials and Methods

Mouse strains and genotyping
The gonzo (gnz) line was derived from a forward genetic screen performed in collaboration with the laboratories of Kathryn Anderson and Elizabeth Lacy and the beaker (bkr) line was generated from mutagenized males provided by Monica Justice and the screen performed with the lab of Trevor Williams. Both lines were generated on a C57BL/6J genetic background and initially out-crossed to either C3H/HeJ (gnz) or 129SI/Sv1mJ (bkr) strains. Further analysis of gnz and bkr was performed in 129SI/Sv1mJ and C57BL/6J backgrounds, respectively. Additional strains used were Nodal LacZ (Collignon et al., 1996) , GPI-GFP (Rhee et al., 2006) and Hex-GFP .
Gonzo was initially mapped between SSLP markers D1MIT136 and D1MIT94. Additional high-resolution markers were generated from NCBI Mouse SNP database (http://www.ncbi.nlm.nih.gov/SNP/MouseSNP.cgi) and Mouse Genome SSR search website (http://danio.mgh.harvard.edu/mouseMarkers/musssr.html). Ultimately, gnz was genotyped using ARMS primers: TGCTTTCTTGTTACCTC-CAGCTCACCAG (Pign outer forward), ATGACATCCGTAGGGCCTTTTTC-CTAGAAA (Pign inner A forward), GGAAGATCTTAACAATCCCAGAGCA-AAGGA (Pign inner T reverse) and GCACCTGCCATCTCCAAATTTTTGGT (Pign outer reverse) (Ye et al., 2001) . Beaker was initially mapped between D1MIT123 and D1MIT303 and ultimately genotyped using SNP analysis with primers: CCGTAGACCATTGCATTCAGCCAT (Pgap1 snpF), GCAATCCCTT-CCAAATCACAAAGC (Pgap1 snpR), and TCCTTCCCACAAATACTTGGA-CAGG (Pgap1 snp probe). Pign gnz (renamed Pign m1Nisw/J ) and Pgap bkr (renamed Pgap 1m1Nisw/J ) have been deposited and are available from Jackson Laboratories. GFP strains were genotyped using primers oIMR0872 and oIMR1416 and LacZ identified using oIMR0039 and oIMR0040 (Jackson Labs).
Mouse embryo fibroblasts (MEFs), cell culture and immunodetection
MEFs were prepared from E13.5 embryos. Embryos were dissected in DMEM (Gibco), eviscerated, decapitated and minced with a sterile blade, followed by trypsination for up to 30 min. MEFs were maintained in 10% FBS (Gibco) in DMEM with Penicillin/Streptomycin (Gibco ) were plated in 6-well plates in 10% FBS in DMEM. Cells were transfected with pCDNA3-HA-Cripto (Yan et al., 2002) ) were plated in 6-well plates in 10% FBS in DMEM. Medium was changed to 2 ml DMEM (no serum) overnight. Conditioned medium was spun down to remove cellular debris, 1.8 ml conditioned medium was pre-cleared with 50 ml Protein A/G agarose (Santa Cruz) for 4 hours at 4˚C, then 0.4 mg/ml anti-Cripto antibody was added and complexes were rocked 1 hour at 4˚C. 50 ml Protein A/G agarose was added and complexes were rocked overnight at 4˚C. Complexes were spun down and washed twice with 50 mM Tris (pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, and protease inhibitors, then twice with 50 mM Tris (pH 7.5), 500 mM NaCl, 0.1% NP-40 and 0.05% sodium deoxycholate and then twice with 50 mM Tris (pH 7.5), 0.1% NP-40 and 0.05% sodium deoxycholate. For each wash, tubes were rotated for 20 minutes at 4˚C followed by brief centrifugation to pellet the Protein A/G agarose and bound complexes. 16 Laemmli buffer was added and immunoprecipitated conditioned medium was boiled for 10 min prior to analysis by SDS-PAGE.
Western blots were performed with Smad2, phosphor-Smad2 (Cell Signaling 3122 and 3101) and Cripto (R&D Systems AF1538) antibodies. Blots were performed in triplicate and quantitated on Bio-Rad gel documentation system. 
Real time polymerase chain reaction
Results
Characterization of the ENU-derived Gonzo mutant mouse line To identify novel genes important for normal forebrain development, we employed an ENU mutagenesis screen in mice. Briefly, mutagenized C57BL/6J (C57) males were outcrossed to C3H/HeJ (C3H) females to generate founder males. Founder males were further out-crossed, and then mated to their daughters to produce litters that would include homozygous mutant embryos. From this screen, we identified mutant embryos with forebrain truncations or an HPE-like phenotype. Due to the presence of a large proboscis that dominated the craniofacial region we named this line gonzo (gnz).
In the C3H background, gnz mutant embryos show three different phenotypes: dysmorphic eyes (n514/39 embryos) (supplementary material Fig. S1A ,B), gastrulation defects (9/ 39) (supplementary material Fig. S1I,J) , and an HPE-like phenotype in which mutant embryos either display midline defects (n52/39) (supplementary material Fig. S1K ,L) or anterior truncations (n514/39) (supplementary material Fig. S1E,F ; Fig. 1A,D) . When out-crossed into 129S1/Sv1mJ (129S1) background, gnz mutant embryos largely present with anterior truncations. While the C3H strain was used for mutation mapping, the 129S1 strain was used for the majority of results and figures presented here.
A typical gnz mutant at embryonic day 18.5 (E18.5) shows midbrain/forebrain truncation and a large proboscis (Fig. 1D) . To identify the rostral-caudal position of the truncation, bone and cartilage staining was performed (Fig. 1B,C ,E,F). In gnz mutant embryos, bone and cartilage structures anterior to the interparietal (ip) element remain symmetrical yet are grossly misshapen. The ip, while recognizable, is tiny and misshapen. The tectum synoticum (tso) is largely intact, but narrower at the anterior midline. Occipital elements at the base of the skull are also dysmorphic. The supraoccipital (so) and exoccipital (eo) elements are fused and the supraoccipital is present as two lateral bony elements instead of the normal rod-like shape. The basioccipital (bo) element appears normal in gnz mutants.
In addition to the anterior truncation, gnz mutant embryos are smaller than wildtype littermates (supplementary material Fig.  S2A,B) . Comparison of the lengths of femurs and humeri from five mutant and wildtype E18.5 embryos (supplementary material Fig. S2C,D,I ) reveal a statistically significant shortening of the femur (by 11%, P value50.04; unpaired, 2-tailed Student's t-test) but not the humerus (P value50.24) in gnz mutant embryos.
Gnz mutation disrupts Pign, encoding a glycerophosphatidyl inositol biosynthesis enzyme
We mapped the gnz mutation to a 5 Mb region on mouse chromosome 1 using Simple Sequence Length Polymorphisms (SSLPs) and Single Nucleotide Polymorphisms (SNPs) that differ between the mutagenized C57 DNA and the out-crossed C3H DNA ( Fig. 1G ) (between rs3654716 and rs6307336). This gene sparse region contained seven known or predicted genes. Sequencing of these seven genes revealed a single base substitution (T to A) in the splice donor region of intron 23 of the Phosphatidylinositol-glycan biosynthesis class N (Pign) gene (Fig. 1H ). Pign encodes one of 27 endoplasmic reticulum (ER) localized enzymes that are required to make GPI anchors (Kinoshita et al., 2008) . Specifically, Pign adds phosphoethanolamine to the first mannose in the GPI anchor (supplementary material Fig. S3 ) (Gaynor et al., 1999; Hong et al., 1999) .
While the T to A transversion in intron 23 of Pign would be predicted to create a more optimal splice consensus site, splicing is nevertheless disrupted in gonzo mutant embryos. PCR amplification of gnz HPE-like mutant cDNA yielded a shorter amplicon than wildtype, and cDNA from a heterozygous embryo yielded both products (Fig. 1I) . Sequencing of the gnz mutant amplicon revealed that both exons 23 and 24 were excluded from the Pign transcript (Fig. 1J ). To determine whether nonsensemediated decay may contribute to the phenotype, the expression level and localization of Pign RNA was analyzed by semiquantitative PCR and whole mount in situ hybridization of E14.5 embryos. There were no significant changes in expression level (data not shown) or localization (Fig. 1M,N) of Pign between gnz mutants and wildtype littermates.
Conceptual translation of the Pign gnz transcript predicts a frameshift that adds 13 divergent amino acids followed by a stop codon (Fig. 1K ), causing early termination and loss of the carboxy-terminal 170 amino acids of the 931 amino acid protein (Fig. 1L) . The truncated C-terminus includes part of the ethanolamine phosphate transferase domain as well as a KKXX ER retention motif (Vincent et al., 1998) , suggesting that the truncated Pign protein lacks catalytic activity and is mislocalized.
Gnz mutant embryos show mislocalized GPI anchored proteins Pign mutants have been described in yeast and mouse cell lines (Gaynor et al., 1999; Hong et al., 1999) . These mutated cells show mislocalization of GPI-anchored proteins (GPI-APs). To determine whether GPI-APs are mislocalized in gnz mutants, the gnz line was crossed into a transgenic mouse line in which GFP is targeted to the membrane by a GPI linkage (Rhee et al., 2006) . While GPI-GFP is highly expressed in wildtype E12.5 embryos, gnz mutant embryos show a dramatic reduction in GPI-GFP fluorescence (Fig. 1O ). The subcellular distribution of GPI-GFP in mouse embryonic fibroblasts (MEFs) from E12.5 wildtype embryos show GFP localization in the plasma membrane, whereas gnz mutant MEFs show only internal localization of GFP in numerous apparently membrane-bound structures surrounding the nucleus (Fig. 1P ,Q). These structures are consistent with those seen in budding yeast with a mutation in the Pign ortholog Mcd4 (Gaynor et al., 1999) . Immunostaining with bCOP, a marker of the Golgi compartment, reveals these structures express Golgi markers (Fig. 1R, 
S).
Beaker mutant embryos display anterior truncations A second ENU-derived mouse line that displays an HPE-like phenotype was isolated from an independent screen. Dependent on the background strain, homozygous mutant embryos from the beaker mouse line also display a range of phenotypes -normal appearance in 129S1, anterior truncations in C57 (Fig. 2B,D) , and holoprosencephaly ( Fig. 2A,C) and/or eye defects (supplementary material Fig. S1C ,D) in mixed 129S1/C57 strains. Further analysis of the bkr line was performed in the C57 background, which gave the fully penetrant phenotype shown in Fig. 2D .
Bone and cartilage staining of wildtype and bkr mutant embryos at E18.5 ( Fig. 2E-H) reveal the interparietal element is dysmorphic and not ossified and the tectum synoticum is present as two lateral elements that do not traverse the midline. All elements rostral to these are largely absent. The supraoccipital and exoccipital elements are correctly positioned, but not ossified, whereas the basioccipital element is absent. Bkr Fig. 1 . Mutation of the glycerophosphatidyl inositol biosynthesis enzyme Pign leads to anterior truncations in Gonzo mutant embryos. Wildtype (A-C) and gnz (D-F) mutant E18.5 embryos with lateral (B,E) and top (C,F) views of skull stained for bone (red) and cartilage (blue). Exoccipital (eo), supraoccipital (so), basioccipital (bo), tectum synoticum (tso) and interparietal (ip) elements are indicated. Critical 5.14 Mb region of chromosome 1 that the gnz mutation mapped to by meiotic recombination (G). Recombinants are shown in parentheses divided by number of recombination opportunities. SNP and SSLP markers and known or predicted genes (horizontal bars) are indicated. There is a T to A transversion in the splice donor of Pign's intron 23 (H) that causes skipping of exons 23 and 24 (J) as shown by PCR amplification of wildtype (WT), heterozygote (Het) and gnz mutant cDNA (I). Mis-splicing of exon 22 to 25 results in a frame shift and premature stop codon within 13 amino acids from the mutation (K) leading to truncation and partial loss of the catalytic domain and KKXX ER-retention motif (L). Pign mRNA detected by whole mount in situ hybridization in E14.5 wildtype (M) and Pign gnz/gnz mutant (N) embryos, showing ubiquitous and stable expression in gnz mutants. GFP fluorescence was detected in E13.5 Pign +/+ ; Tg GPI-GFP (O -left) but was greatly reduced in Pign gnz/gnz ; Tg GPI-GFP (O -right) embryos and MEFs (P-S; P and R are Pign +/+ ; Tg GPI-GFP MEFs and Q and S are Pign gnz/gnz ; Tg GPI-GFP MEFs). Panels R and S were immunostained for the Golgi marker bCOP (red). See also supplementary material Fig. S1 for mutant phenotypes. Ratios in lower right of panels N,O and subsequent figures indicate number of similar phenotypes observed out of number of mutant embryos analyzed. Scale bars (A-F)52 mm. mutant embryos are smaller than wildtype littermates with significant shortening of the femur (10.4%, P value50.01) and humerus (5.7%, P value50.02) (supplementary material Fig. 
S2E-H,J).
Bkr mutation disrupts Pgap1, encoding a second glycerophosphatidyl inositol biosynthesis enzyme
We mapped the bkr mutation to a 24 Mb region, containing 145 predicted genes, on mouse chromosome 1 (Fig. 2I) . Based on similarity to the gnz phenotype and discovery of the Pign mutation, we cross-referenced these genes with known GPI biosynthesis genes and found that Post-GPI Attachment to Proteins factor 1 (Pgap1) lies within this region. Pgap1 is an ER localized deacylase that removes an acyl group from the GPI anchor after covalent attachment to its target proteins (supplementary material Fig. S3 ). Deacylation of GPI anchored proteins allows efficient loading into CopII coated vesicles and transport to the Golgi (Tanaka et al., 2004) .
PCR amplification of Pgap1 revealed a size difference between wildtype and bkr mutant cDNAs in PCR products that span exon 19 (Fig. 2J) . Sequencing of genomic DNA at the exon/ intron borders of exon 19 revealed a base substitution (T to C) in the splice donor of intron 19 (Fig. 2K ) and sequencing of cDNA showed skipping of exon 19 in bkr mRNA (Fig. 2L) . Exon 19 is 39 nucleotides, and its exclusion is predicted to result in an inframe deletion of 13 amino acids. While these 13 amino acids do not correspond to a domain of known function, these residues are well conserved between human, mouse, chick and zebrafish, though not in S. cerevisiae (Fig. 2M,N) Apart from anterior truncations, gnz (in 129S1 background) and bkr mutant embryos display relatively normal development, which is remarkable as there are more than one hundred GPI anchored proteins. Consistent with normal trunk development, the trunk mesoderm marker Brachyury is expressed normally in E6.5 and E7.5 gnz and bkr mutants (Fig. 3A-D) .
The dysmorphic occipital elements in both gnz and bkr mutants prompted investigation of markers of hindbrain development. Krox20 expression in rhombomeres 3 and 5 (r3 and r5) in headfold-stage embryos (E8.5) is altered in these mutants ( Fig. 3E-H) . In gnz mutants, Krox20 expression in r3 is reduced, and expanded in r5. In bkr mutants, Krox20 expression is normal in r3, but reduced in r5. This implicates GPI biosynthesis as being required for normal hindbrain development, yet this may be a downstream consequence of the lack of anterior tissues.
We next investigated the expression of genes involved in forebrain patterning and/or associated with HPE. In E9.5 embryos, the anterior neural ridge (ANR) acts as a forebrain ''organizing center'' by secreting factors necessary to maintain forebrain specification. Fgf8 is expressed in the ANR, isthmus (midbrain-hindbrain boundary), pharyngeal arches and tail bud. Fgf8 expression in gnz and bkr mutants is normal, except in the ANR, where it is not expressed (Fig. 3I-L) ; lack of Fgf8 expression likely reflects that the ANR fails to develop and implicates an earlier requirement of GPI biosynthesis in forebrain specification.
Six3 is an earlier anterior forebrain marker. The Six3 expression domain was both reduced in size and level of expression in E8.5 gnz mutants, and severely reduced or absent in bkr mutants (Fig. 3E-H ). Six3 function is required for forebrain development (Lagutin et al., 2003) and mutation of human SIX3 causes HPE; hence decreased Six3 expression is consistent with forebrain defects. The relative decrease in Six3 expression in bkr versus gnz mutant embryos also correlates with the extent of anterior truncation.
Shh is expressed in the prechordal plate underlying the anterior neural tube and is required for septation of the future forebrain into left and right hemispheres. Mutations in human SHH and its signaling pathway are linked to HPE. Shh expression is decreased in the prechordal plate of both E8.5 gnz and E9.5 bkr mutant embryos ( Fig. 3M-P) . The disrupted expression patterns of Fgf8, Six3 and Shh indicate an early defect in forebrain specification.
Early forebrain organizing centers are disrupted in gnz and bkr mutant embryos
Otx2, which is expressed in the anterior definitive endoderm (ADE) and underlying anterior neuroectoderm in gastrulation stage (E7.5) embryos, is required for forebrain specification. The node-derived ADE migrates anteriorly and acts as an organizing center to maintain forebrain development in the neuroectoderm. Otx2 expressing cells are mislocalized at the distal tip of E7.5 gnz mutant embryos whereas E7.75 bkr mutant embryos display proper localization of Otx2 expression albeit at a reduced level (Fig. 4A-D) . Alteration in Otx2 localization (gnz) and expression (bkr) suggests that ADE cellular migration or specification might be disrupted in GPI biosynthesis mutants.
To examine ADE migration and specification, we crossed gnz and bkr lines into Hex-GFP transgenic mouse line Stuckey et al., 2011) to visualize Hex expression and ADE localization. Both gnz and bkr E7.5 embryos showed a modest displacement of the ADE towards the distal tip compared to wildtype embryos ( Fig. 4E-H) . While defects in ADE migration can cause anterior truncation phenotypes, examination of Hex-GFP at an earlier stage allows visualization of both the DVE and AVE, two molecularly distinct, migratory groups of cells that contribute to forebrain specification. The DVE migrates towards the presumptive anterior pole at ,E5.5, 'paving the road' for subsequent AVE migration (Takaoka et al., 2011) . At the anterior pole, the AVE initiates forebrain specification then is displaced and Hex expression is downregulated ). Hex-GFP fluorescence (which does not distinguish the DVE from the AVE) in gnz and bkr E6.5 embryos reveals aberrant DVE/AVE localization (Fig. 4I-L) . Gnz mutants show DVE/AVE displacement at the distal tip. However, bkr mutant embryos have promiscuous GFP expression throughout the visceral endoderm, reminiscent of cultured embryos in which the extraembryonic ectoderm has been removed (Rodriguez et al., 2005) . Together this indicates that GPI biosynthesis proteins are required to properly initiate forebrain development. Moreover, this allowed us to make some predictions as to the identity of the GPI-AP(s) that may be altered resulting in the HPE-like phenotype based on involvement in AVE specification and migration, and perhaps communication with the extraembryonic ectoderm.
The Nodal/Cripto signaling pathway is defective in Pign and Pgap1 deficient cell lines Given the migration and specification defects of the AVE in E6.5 gnz and bkr mutant embryos, we hypothesized that Cripto is the GPI anchored protein whose GPI deficiency leads to the HPElike phenotype. We analyzed Nodal/Cripto signaling in wildtype and mutant MEFs by phosphorylation of Smad2 (Watanabe et al., 2007) . In the absence of exogenous Nodal stimulation, wildtype, Pign gnz and Pgap1 bkr MEFs, which express endogenous Cripto, have negligible phospho-Smad2 and this is not significantly increased by Cripto overexpression (transfection of HA-tagged Cripto expression vector compared to empty vector, mock stimulated cells) (Fig. 5A-C) . Upon Nodal stimulation in wildtype cells, there was a 16-fold increase of phospho-Smad2 in empty vector transfected cells (P value50.003) and 35-fold increase with Cripto overexpression (Fig. 5A-C) (P value50.007) . In contrast, Nodal stimulation of gnz or bkr MEFs, in the presence or absence of Cripto overexpression, showed a significantly lower response (Fig. 5A-C) (approximately 3-fold lower for both gnz [P value50.03 with or without Cripto] and bkr [P value50.04 without Cripto, and 0.02 with Cripto]). Thus, GPI biosynthetic activity is required for efficient Nodal/Cripto signaling.
In Pign gnz and Pgap1 bkr mutant MEFs, there was some response to Nodal stimulation, suggesting that endogenous or transfected Cripto retained some signaling activity. Cripto can function non-cell autonomously via enzymatic or genetic removal of its GPI anchor (Zhang et al., 1998; Yan et al., 2002; Watanabe et al., 2007) , demonstrating that secreted Cripto retains biological activity. Furthermore, secretion of GPI anchored proteins was detected in Mcd4 (Pign ortholog) mutant budding yeast (Gaynor et al., 1999) . Cripto overexpression, while resulting in increased Smad2 phosphorylation, has no effect on intracellular Cripto protein levels (Fig. 5A) suggesting that some Cripto protein could be secreted and act in a non-autonomous manner. To test this we immunoprecipitated endogenous secreted Cripto from conditioned medium from wildtype and mutant MEFs followed by western blot detection (Fig. 5D) . Although not quantitative, this showed Cripto protein in the medium, consistent with reduced but not absent Smad2 phosphorylation in both gnz and bkr MEFs.
TGFb responsive genes are downregulated in gnz and bkr mutant embryos
As another measure of Cripto/Nodal activity we determined the expression of TGFb target genes by real time PCR using TGFb/ BMP pathway arrays and E7.5 RNA from mutants compared to wildtype littermates, as the two lines are in different background strains. Seven of 22 TGFb responsive genes were significantly (P value,0.05) downregulated in bkr mutants and 3 of 22 TGFb responsive genes were significantly downregulated in gnz mutants as compared to wildtype littermates (Table 1) . Collagen, type1 alpha-2 (Col1a2) and Interleukin6 (Il6) were downregulated in both gnz and bkr mutants. BMP signaling is not dependent on Cripto activity, so BMP responsive genes can serve as a negative control since these genes are predicted to be unchanged in GPI biosynthesis mutants. Correspondingly, only the BMP responsive gene Stat1 showed significantly altered expression, and only in bkr mutant embryos. The array also includes other genes in the TGFb/ BMP signaling pathway, many of which display significantly altered expression levels in the GPI biosynthesis mutants.
All TGFb responsive genes that are significantly altered in gnz and bkr mutant embryos are downregulated. In contrast, 41% of the other genes in the TGFb/BMP signaling pathway that are significantly altered are upregulated (9 out of 22). Together these data indicate that TGFb signaling is defective in E7.5 gnz and bkr mutant embryos and corroborates the in vitro data showing that Nodal/Cripto signaling is defective in GPI deficient cell lines.
Discussion
GPI biosynthesis mutants and HPE
Herein we describe novel mutations in two GPI biosynthesis genes that result in an HPE-like phenotype in mice. In humans, mutations in the GPI biosynthesis pathway have not been implicated in HPE, although mutations are associated with other diseases, including Paroxysmal Nocturnal Hemoglobinuria (PIGA somatic mutation) and Inherited GPI Deficiency (hypomorphic mutation in the PIGM promoter). A human PIGN mutation (R709Q) has been linked to an autosomal recessive syndrome presenting with developmental delay, dysmorphic facies, seizures and severe neurological impairment (Maydan et al., 2011) . It is interesting to speculate that different PIGN alleles may yield a range of phenotypes from neurological defects to structural, HPE-like defects. Our identification of mutations in two GPI biosynthesis enzymes, which result in HPE-like phenotypes in mice, greatly expands an understanding of the genetic causes of HPE and suggests that this entire enzymatic pathway of 27 genes represent novel candidate genes for analysis in human HPE or related disorders.
Complete loss of GPI anchors is embryonic lethal in mice, as demonstrated by knockout of Piga, a critical and early GPI biosynthesis enzyme (Kawagoe et al., 1996; Tremml et al., 1999) . Conditional knockout of Piga in chondrocytes leads to mice with shortened bones, similar to that in Pign gnz and Pgap1 bkr mutants. Previous mutant alleles of Pgap1 show a similar forebrain truncation phenotype as Pign gnz and Pgap1 bkr mutant embryos, though the authors labeled it as otocephaly, as well as growth retardation, mislocalization of GPI-APs and a sperm activation defect. (Juriloff et al., 1985; Zoltewicz et al., 1999; Ueda et al., 2007; Zoltewicz et al., 2009 ). Both Pign gnz and Pgap1 bkr embryos are growth retarded and GPI-GFP is mislocalized in Pign gnz mutant embryos. We also observed a genetic interaction between Pign and Nodal suggestive of a sperm defect. In a genetic cross between mice harboring a single Nodal null allele (Nodal-LacZ) and a single Pign gnz allele (i.e. Nodal +/LacZ 6Pign +/gnz or Nodal +/LacZ ; Pign +/gnz 6wildtype) we observed a less than expected proportion of NodalLacZ:gnz trans-heterozygotes at E7.5 (18.1%, n5115; P value.0.05 using x 2 test). Moreover, skewing of the expected ratio only occurred when the father was a trans-heterozygote mated to a wildtype female (14.8%, n5216, P value50.05). In all other combinatorial matings, the number of trans-heterozygotes was as expected (23.1%, n5199). The Pign and Nodal genetic interaction was statistically significant, although it addressed viability or perhaps sperm fitness, not forebrain development. The Pign and Nodal genetic interaction does, however, indicate a genetic link between GPI biosynthesis and TGFb signaling. 
GPI anchored proteins and HPE
Here we sought to identify the key GPI-AP(s) that Pign and Pgap1 act through to regulate normal forebrain development. In a previous report of a Pgap1 mutant allele, Zoltewicz et al. demonstrated that Wnts are modified with a GPI-like anchor and that midbrain Wnt activation is slightly premature (E8.0 vs. E8.2) (Zoltewicz et al., 2009) . The importance of Wnt signaling in forebrain specification has been shown in mice with mutation of Apc (Chazaud and Rossant, 2006) or Dikkopf1 (Mukhopadhyay et al., 2001 ). Zoltewicz et al. surmised that premature Wnt activation was responsible for otocephaly (Zoltewicz et al., 2009) . Our data establish a much earlier origin (E6.5) for the forebrain defect, so it is possible that altered Wnt expression is downstream of an earlier disruption in forebrain development. Although we did not detect a change in Wnt signaling using the Top-Gal Wnt reporter strain, further study is needed to determine whether Wnt signaling is also affected at this early stage in Pign gnz and Pgap1 bkr mutants, as Wnt signaling, in conjunction with TGFb is important for AVE formation and migration and for forebrain specification.
Gas1 is a GPI-AP that binds Shh and modulates Shh activity, and has been described as a modulator of HPE. Gas1 2/2 mouse embryos present with small eyes and reduced body size (Allen et al., 2007) , reminiscent of some gnz mutants in C3H/HeJ background (supplementary material Fig. S1A,B ). It will be of interest to determine whether GPI disruption targets both the Shh and TGFb pathways in HPE etiology. It is also interesting to speculate whether another GPI-AP, Glypican 4, is in part responsible for gastrulation defects in some gnz C3H/HeJ mutants. Glypican 4 mediates non-canonical Wnt signaling, and the zebrafish mutant Knypek fails to gastrulate due to aberrant cell polarity and disrupted convergent extension (Topczewski et al., 2001) . Cripto nulls also fail to undergo gastrulation (Ding et al., 1998) , so it may be difficult to isolate the contribution of these two genes in gastrulation.
The GPI-anchored Cripto-related protein Cryptic may also contribute to the HPE-like phenotype in GPI biosynthesis mutants. Cryptic expression overlaps Nodal in the DVE, and these two proteins specify the AVE (Chu and Shen, 2010) . Pgap1 bkr mutants might be candidates for altered Cryptic/Nodal signaling, as Hex-GFP is ectopically expressed throughout the visceral endoderm.
The following evidence supports our hypothesis that Cripto is at least one of the key GPI anchored proteins that juxtaposes GPI biosynthesis and forebrain specification: 1. Pign and Pgap1 mutations result in anterior truncations or HPE-like phenotype; Cripto hypomorphic mutations in mouse (Chu et al., 2005) , Oep mutations in zebrafish (Gritsman et al., 1999) and TDGF1 mutations in humans (de la Cruz et al., 2002) internalization) of GPI-anchored proteins; Cripto is a GPI anchored protein (Minchiotti et al., 2000) , and its GPI anchor is critical for its function (Watanabe et al., 2007 In part these differences may be related to genetic background differences as the penetrance and severity of the developmental defects depends on the genetic background. These differences may also relate to the allele generated by the point mutations. The Pgap1 bkr allele causes an in-frame deletion of 13 amino acids. Pgap1 bkr mutant embryos in 129S1 background are morphologically normal, which suggests that Pgap1 bkr retains partial activity. In contrast, Pign gnz is predicted to encode a truncated protein that both lacks catalytic activity and is not localized to the ER. Pign gnz phenotypes are influenced by genetic background but abnormal embryonic development is observed in all tested backgrounds.
The phenotypic differences may also relate to the different steps in GPI biosynthesis that Pign and Pgap1 catalyze. Pign catalyzes an early step in GPI biosynthesis, and disruption of Pign in cell lines leads to formation of several divergent GPI anchors, some of which localize to the plasma membrane, while others do not (Hong et al., 1999) . Pgap1 catalyzes inositol deacylation after the GPI anchor is covalently bound to target proteins (Tanaka et al., 2004) . Acyl-group removal is necessary for efficient ER export via CopII coated vesicles, and Pgap1 mutant cells accumulate GPI-APs within the ER (Tanaka et al., 2004) . As Pign gnz likely represents a null allele and Pign catalyzes a relatively early biosynthetic step in GPI anchor production, Pign gnz mutants likely represent a more severe class of GPI biosynthesis mutants than Pgap1 bkr mutants. Alternatively, although the GPI biosynthesis pathway is largely thought to follow a linear progression, our in vivo results might suggest divergent requirements for this pathway in regulating various GPI-APs.
Cell autonomous vs. non-cell autonomous Cripto signaling
The contribution of cell autonomous versus non-cell autonomous Cripto/Nodal signaling is poorly understood. Lack of both cell autonomous and non-autonomous Cripto signaling results in a ''head-without-trunk'' phenotype (Ding et al., 1998) . Gnz and bkr mutants, which present as a ''trunk-without-head'', likely retain some non-cell autonomous Cripto signaling while lacking cell autonomous Cripto signaling. Further, overexpression of a soluble form of Cripto can rescue zebrafish Oep mutants (Zhang et al., 1998) . While cell autonomous Cripto signaling is clearly required for normal development, further studies are required to determine the role of non-cell autonomous Cripto signaling during early development.
Downstream effectors of forebrain development
Nodal/Cripto signaling is important for forebrain development, yet the downstream targets of this pathway are unknown. Analysis of genes that are altered in gnz and bkr mutants may shed light upon downstream effectors that mediate this process. Col1a2 and Il6 are significantly downregulated in gnz and bkr mutants; however, phenotypes associated with mutation of these genes in humans are unrelated to forebrain development (Dickson et al., 1984; Wirtz et al., 1987; Kishimoto, 2005) . Three genes involved in iron homeostasis are either downstream of TGFb signaling or GPI-APs. Gdf2 and Il6 converge to regulate expression of Hepcidin (Truksa et al., 2007) , a key regulator of iron homeostasis (Nemeth and Ganz, 2009 ). The GPI-AP Hemojuvelin also regulates Hepcidin, so gnz and bkr mutants may have alterations in the function of genes that regulate iron levels. Iron levels are important for forebrain development in mice and mutation of the iron transporter Ferroportin causes anterior truncations (Mao et al., 2010) . It will be interesting to test whether iron homeostasis is dysregulated in bkr and gnz mutants and, if so, this could provide a context to begin to understand the molecular relationships between different pathways that alter early forebrain development.
In humans, there is no current evidence linking mutations in GPI biosynthesis genes with HPE or forebrain truncations. Our studies raise the intriguing possibility that the ,thirty GPI biosynthesis enzymes may represent a new class of genes to test for linkage to holoprosencephaly, or other cranio-facial syndromes, such as agnathia, dysgnathia, microphthalmia and otocephaly.
